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Shock-wave studies of snow have been conducted at stress levels of up te 10 MPa. Analy..s of embedded gauges and

shock -reverberation technigues were used to determine shack pressure-density data for snow with initial densities ranging
fiom 100 kg m"3 10 520 kg m-3 and iemneraturcs ranging from -2 °C to -23 °C. Shock velocities ranged from about

170 m s-! (for low density snow) to abou: 280 m s~ (for high density snow). At constant density and impact velocities, but
varying temperatures, there was no variation in shock velocity. This indicates that the internal energy and any temperature
dependent strength of ice bonds do not measurably affect shock propagation in snow over the temperature and pressure range
of our tests. Qur results also indicate that snow is a highly rate seasitive material.

1. INTRODUCTION

Understanding the shock compression of snow is of
interest for its direct application to such fields as planctary
sciences, cold regions and military engineening, and shock
isolation. The only existing data obtained with reliable
expenmental methads are the high pressure data
(1.8-15 4 GiI'a) of Bakanova et al.l. We have conducted a
test program using embedded stress panges to obtain
pressure density relations tor snow at low pressues (up to
A0 MPa)  Expenments were conducted to examine the
effect of mitial density (100 kg m 3 10 520 kg m-3) and
temperature ( 2 °C to 21 °C) on shock propagation in snow.

7 EXPERIMENT AND DATA ANALYSIS
A 200 mm diamerer pas pun was ased to shock load the
snow The snow target asaembly consisted of a snow hilled

copper eyhides capped i front with a butler plate

{consisting of a carbon film stress gauge epoxied between
two aluminum plates) and an aluminum back support g late.
Stress-time records wete measured using 50-oiim catbon-
filin piczoresistive suess gaupes embedded in the snow at
nominal distances of 14-mm, 28 mm, and 42-mm from the
hestfer plate. Thennocouples and cold nitrogen pas
circulating thiough a cooling conl attached o the copper
cyluxler were used 1o momitor and contol snow tlemperature.
Dxetails of sample preparation methods amd instrumentation
are piven in Brown et al.2 and Johnson et al.},

The unsteady nature of shock wave propagation in the
snow, specialized sample prepataton methads, and lage
impedance mismatches between the snow amd sticss pauyes
resulted in complex suess histories. We used the
PRONTO 24 dynamic haite element progiam to determine

the reasons for disunctive feanutes in the measured stiess



histories and to determine loading, unloading, and reloading
paths for the snow 3,

Data were also analyzed by using a simplified model that
weated the shock loading experiment as quasi-steady with
changes in pressure and shock velocity caused by unloading
from the aluminum baffer. Known equations of state for
aluminum were used in calculatng panic'e velocitics and
stresses at the buffer/snow interface.

Figure 1 shows an x-t (distance-time) diagram of our
quasi-steady “reverberation analysis”. The solid and dashed
lires in the figure represent shock and release waves,
respectively. The reverberation analysis assumes that the
stress transferred through the aluminum buffer into the snow
is constant from the instant the flyer plate (A) impacts the
butter plate (B and C) until the release wave from the back
of the flyer anives at the gauge embedded in the aluminum
butter (hetween B and ). Tensile stresses produced by the
release wave cause the buffer to fail at the pauged,
Unloading in the snow then occurs by multiple
reverberations in the separated buffer plate (C) which

remains in contact with the snow.

TIME

SHOCK
FRONT

SNOW

DISTANCE

FIGURE 1
x tdiagrn tor the shock loading expenment on snow. The
fiyer plaie (A) separates from the butter (8 and C) amd the
butfer plate separates at the BC interface upon anival of the
{lyer release wave,

‘The measined flyer unpact velocity, amd the arval e
ol the shock wave nt stiess paupes in the snow were used o

detemnne the partcle velocity and estinate pressane at the

buffer plate/snow interface. Particle velocities and pressures
in the snow were calculated by using conservation of mass
and momentum, and equality of pressure and particle
velocity at the buffer plate/snow interface and the shock
front. Unloading behavior was determined by varying the
modulus of the snow behind the shock wave front until
calculated armival times at the stress gauge positions agreed
with measured values.

Pressure versus density (P-p) results from the
reverberation analysis were used in PROINTO 2D 1o model
the experiment; model results were again compared
measured amival times. Amrival times calculated using the
reverberation analysis agreed with those calculated using
PRONTO 2D and measured values to within 5% to 20%.
This agreement justifies our assumption of quasi-stcady

wave propagat-on in the reverberation analysis.

3. RESULTS AND DISCUSSION

Pressure versus density for snow determined from our
tests and from quasi-static tests of Abele and Gow0 are
shown in Figute 2. Calculated release moduli are shown in
Figure 3. The effects of initial density and strain rate a; e
both apparent from the data.

Shock velocity in the snow versus initial snow
temperature, at constant particle velocity and with similar
initial density, are given in Figure 4. The lack of any
discemable dependence of shock velocity on sample
temperature indicates that intemal energy variations of snow
and any temperature dependent strength of ice bomds do not
measurably affect shock propagation in snow over the
temperature and pressure range of our tests

The samples used in the shock velocity/ temperatw = tests
hid density vaniations of 4 10 kg m'3 due 1w natural
variations in available snow. Qur snow samples were also
callected at different times and locations. Consequently,
aging time for the samples was variable (i e, the time
available for ice bowl prowth to oceur in & sample) and may
have produced snmples with diffetent ice bond strenpths.
Insensitivity of our tesulis 1o smatl density amd ice bond
stenpth vanations indicate that the initial stenpth of ice
bonds between snow grans may not signiticamtly alfect
sliock propapation in snow. This differs from Wown's?

theory of shock wave propagation in snow in which the
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FIGURE 2
Pressure versus density for snow Abele and Gow's data was
obtained using quasi-static tests.

imitial ice pran bond neck size 1s thought to contial
subsequent shock behavior.

Shock compaction of snoyw may occur in a fashion
similar to that suggpested by BoadeB for copper. A shock
wavc travelling in snow ix likely to have sulficient amplitude
to immediately overcome the bomd strength between grains
creating an unconsolidated porous material. The prains are
then driven topether without bemg sigmticantly deformed,
resulting i a deasity that is close to the maximum thatcan be
obtained by prain packing . Funther compaction produces
larpe plastic deformanton of the snow prains causing, them to
flow topether, rapidly reducing the inter-grain void space.
Quasi static test results for uniaxial and shear strenpith versos
density in snow exhibit a distinet saain hardening aca
density of about SO0 kg m ". which is neat the maximum
grinn packing densaty tor diy snowY AL of ot shocked

states are at hipher denstties and show even paeater stiain
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FIGUR:: 3
Initial release modulus for snow.

hatdening than Abele and Gow found. This appeas o be a

rate dependent result.

4. CONCLUSIONS

Shock loading and release data me :eported for snow
with initial densities from 100 kg m-3 10 520 kp m-3 and
initial temperatures tanging from -2 °C w -23 °C, 'The results
for pressures up 1o 40 MPa indicate that snow is highly rate
sensitive and compressible. The tesponse of snow w shock
loading is not dependent on initinl snow temperature for the
temperature ranpe examined in this study. Quasi state tests
al our shock measurements imply that snow compix:tion
may oceur by initial failue of snow grain bonds and prinn
reutangement. Subsequent delormmation occurs by plastice

detormation of prains causing, them o flow topether.
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